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1 0 1 localization of MotCD, rather than low c-di-GMP levels, explains the ability of the ∆ bifA 1 0 2 ∆ motAB mutant to swarm (8) (Figure 2A ). Thus, we hypothesized that c-di-GMP levels would 1 0 3 remain elevated in the ∆ bifA ∆ motAB mutant despite its increased motility. To test this 1 0 4 hypothesis, we used mass spectrometry to quantify levels of intracellular c-di-GMP in stator 1 0 5 mutants. Unexpectedly, we found that c-di-GMP levels significantly decrease in the ∆ bifA 1 0 6 ∆ motAB mutant relative to the ∆ bifA mutant ( Figure 2B ). Together, 1 1 0 these findings indicate that loss of MotAB is associated with decreased c-di-GMP production, 1 1 1 particularly when levels of this dinucleotide are high. We also asked whether the "swarming-powering stator set", MotCD affects c-di-GMP 1 1 3 levels. We found that the ∆ bifA ∆ motCD mutant also has a significantly smaller pool of c-di- Together, these results suggest that the localization and/or activities of stator proteins in 1 1 8 the motor can impact the production of c-di-GMP. This unexpected finding links the two stator 1 1 9 sets of P. aeruginosa to c-di-GMP levels of the cell. test for interaction. An interaction between hybrid proteins was detected as blue colored colonies 1 2 8 on medium containing X-Gal, in which a deeper blue indicates a stronger interaction. As shown 1 2 9
in Figure 3A , we observed an interaction between MotC and SadC, and a weaker interaction MotC-SadC interaction is specific. The strength of these interactions was quantified using β -1 3 2 galactosidase assays, and only strains co-expressing SadC and MotC fusion proteins showed 1 3 3 significantly higher β -galactosidase than the negative control ( Figure 3B ). ( Figure 3A ,B). resulted in a significant increase in c-di-GMP level compared to cells co-expressing MotA and 1 5 0
SadC ( Figure 3C ). These data suggest that MotC's interaction with SadC stimulates SadC 1 5 1 activity. produce relatively low levels of c-di-GMP ( Figure 3C ). The positive control for the B2H assay 1 5 4 (Zip + Zip), which shows robust interaction (not shown), also produces low levels of c-di-GMP, 1 5 5
indicating again that positive bacterial two-hybrid interactions do not generally stimulate c-di-
GMP production ( Figure 3C ). 
Residues of the N-terminal transmembrane domain contribute to the SadC-MotC interaction
1 5 9
and c-di-GMP stimulation. We next used the bacterial two-hybrid assay to screen for mutants of
SadC (TM) with decreased interaction with MotC in order to learn more about the interaction 1 6 1 8 interface between these two proteins. We used mutagenic PCR to generate mutant libraries of the 1 6 2 T18-SadC (TM) B2H vector. We then co-transformed these libraries with a wild-type version of 1 6 3
MotC and screened for light blue or white colonies indicating a deficiency in interaction. These 1 6 4 mutant T18-SadC (TM) plasmids were isolated and their mutations were mapped by sequencing.
6 5
A list of mutations found in this screen is presented in Supplementary Table S1 .
Mutations were found throughout all of SadC's six predicted transmembrane domains. It
is likely that some of these mutations disrupt the overall structure or function of SadC along with 1 6 8 interaction with MotC. We chose four mutations (L82P, L94P, L134R, F136Y) to introduce into 1 6 9
the full-length SadC construct and reexamined their ability to interact with MotC. The L82P, 1 7 0 L94P, and L134R mutants are all deficient in their ability to interact with MotC ( Figure 4A ,B).
7 1
On the other hand, F136Y shows interaction with MotC that is comparable to wild-type SadC. It 1 7 2 is possible that the F136Y mutation had a larger effect on interaction in the SadC (TM) 1 7 3
construct. Alternatively, it may be a false positive from our initial screen. We next quantified c-di-GMP levels in BTH101 cells co-expressing the selected SadC with each of the four SadC mutants resulted in a significant decrease in c-di-GMP production 1 7 7 when compared to co-expression of MotC with wild-type SadC ( Figure 4C ), although the 1 7 8 magnitude of decrease for the F136Y mutant was markedly less than the other three mutants,
indicating that the F136 residue is likely not contributing robustly to the SadC-MotC interaction.
We also observed that the relative strength of the SadC-MotC interaction determined in the B2H 1 8 1 assay ( Figure 4B ) correlates with c-di-GMP production ( Figure 4C ). These results suggest that asked whether any of these mutations in SadC impacted the ability of the protein to dimerize, 1 8 7
given that DGCs like SadC function as dimers. We found that both L82P and L134R mutants 1 8 8
showed reduced interaction with wild-type SadC ( Figure 5A ) and are unable to homodimerize 1 8 9
( Figure 5B ). L82P and L134R mutants were also unable to interact with MotC ( Figure 4A ). In
contrast, both L94P and F136Y mutants are able to interact with wild-type SadC ( Figure 5A ), 1 9 1 and show only a modest change in homodimerization ( Figure 5B ). It is interesting that these 1 9 2 mutants have a similar ability to dimerize, given that they differ in their ability to interact with 1 9 3
MotC -F136Y interacts with MotC, while L94P does not ( Figure 4A ).
9 4
We next asked whether these SadC mutants could produce c-di-GMP as part of a SadC 1 9 5
dimer. We found that co-expression of wild-type SadC with itself produces high levels of c-di-1 9 6 GMP ( Figure 5C ). Co-expression of wild-type SadC with any mutant SadC yielded significantly 1 9 7 less c-di-GMP ( Figure 5C ). However, co-expression of SadC and SadC (L94P) or SadC (F136Y) 1 9 8
still produced modest levels of c-di-GMP ( Figure 5C ). This result suggests that the L94P and 1 9 9
F136Y mutations are having less of a negative impact on SadC activity than the L82P and 2 0 0 L134R mutations. Overall, the L94P mutation appears to have a more specific effect on L82P and L134R homodimers produced little c-di-GMP ( Figure 5D ), which was 2 0 4 expected because the physical interaction between these dimers was weak. Interestingly, production; SadC may need to interact with a partner such as MotC for full activity. Mutations that disrupt SadC-MotC interaction alter swarming motility and reduce c-di-GMP 2 1 1 production in P. aeruginosa. We selected two of the mutants described above (L94P and L82P) 2 1 2 to analyze in P. aeruginosa to determine whether defects in the SadC-MotC interaction in the E. unstable, and thus we did not work further with this mutant.
1 7
We first demonstrated that the SadC-FLAG construct conferred the same swarming 2 1 8 phenotype as the wild-type SadC protein ( Figure 6A) , indicating that the C-terminal FLAG 2 1 9 epitope did not disrupt SadC function. Next, we analyzed the impact of the SadC-L94P mutation 2 2 0 for its ability to support swarming motility; this mutation was moderately less stable than the WT 2 2 1 protein (the ratio of FLAG-tagged SadC/SadC-L94P = 0.79 +/-0.20, n = 4, student's t-test, p = 2 2 2 0.03) ( Figure 6B ), but resulted in a hyper-swarming phenotype very similar to the ΔsadC mutant 2 2 3 ( Figure 6A ). Thus, the SadC-L94P mutant protein, which does not interact with MotC, behaves interaction is critical for normal swarm motility regulation. Role of MotA in control of c-di-GMP production. We next sought to better understand the role 2 2 8 of the MotAB stator set in the control of surface motility. We showed above that introducing a 2 2 9
ΔmotAB mutation into the ΔbifA mutant background reduces c-di-GMP levels similar to the 2 3 0 1 1 introduction of a ΔmotCD mutation into the same background (Figure 1 ). This result was 2 3 1 surprising in that MotAB is not known to interact with SadC (Figure 3) or the c-di-GMP receptor 2 3 2 FlgZ (9). Based on our previous studies (9) and the work above suggesting the possibility that 2 3 3
MotAB and MotCD compete for motor occupancy, we considered the possibility that loss of 2 3 4
MotAB would result in more MotCD in the motor, and therefore less MotCD to interact with 2 3 5
SadC to stimulate biofilm formation. swarming ( Figure 7A, third panel) . This is indeed what we observed ( Figure 7B, bottom) . would be more MotCD available to interact with SadC, and thus an increase in c-di-GMP level.
4 6
We would further predict that the overexpression of MotAB would require both MotCD and 2 4 7
SadC to increase levels of c-di-GMP. As shown in Figure 7C , overexpression of MotAB from a Regulation of flagellar motility via c-di-GMP is well documented and occurs at multiple 2 5 6 levels: transcriptionally, post-transcriptionally, and post-translationally (2, 11, 12). Here we 2 5 7 present a new kind of regulation -we show that flagellar motor components can influence c-di-2 5 8 GMP production. It is established that stators are dynamic, and engage and disengage from the 2 5 9
motor in response to environmental factors such as load on the flagellum and ion availability 2 6 0 (13). Our results indicate that the status of stators in the motor may be communicated directly to 2 6 1 the rest of the cell through c-di-GMP signaling.
6 2
We show that deleting motAB in the ∆ bifA mutant results in increased incorporation of 2 6 3
MotCD at the motor as well as decreased c-di-GMP production. Furthermore, we found that 2 6 4
MotC interacts with SadC in a bacterial two-hybrid assay, and that this interaction stimulates c- stimulate SadC activity.
6 8
We found that just the transmembrane domain of SadC was able to interact with MotC in 14) . Our results support these findings that membrane association is important for SadC activity, and perhaps for the ability of SadC to interact with the stator components. Using a B2H screen, we identified point mutations in the transmembrane domain of SadC 2 7 5 that disrupt interaction with MotC. We retested a small subset of these mutations and found that stimulate c-di-GMP production when co-expressed with MotC in E. coli BTH101 cells. We 2 7 8 further tested these SadC mutants for their ability to dimerize and the ability of those dimers to 2 7 9 produce c-di-GMP in the context of the B2H assay. Two of these mutations (L82P and L134R) 2 8 0 had a decreased ability to form homodimers and "heterodimers" with wild-type SadC. For these 2 8 1 mutants, decreased dimerization led to decreased production of c-di-GMP in the B2H system. Thus, interpreting these mutants is somewhat complicated by their apparent impact on SadC despite the fact that the SadC-L94P mutant protein was as stable as the WT, the L94P mutation 2 8 6
behaved like a sadC null allele. Thus, we argue that this mutation's inability to effectively 2 8 7
interact with MotC is, at least in part, responsible for its loss-of-function phenotype. In previous work, we proposed that MotCD disengages from the motor through its 2 8 9 interaction with FlgZ:c-di-GMP as intracellular c-di-GMP levels increase (9). Based on results Construction of mutant strains and plasmids. Plasmids used in this study are listed in 3 1 7 Supplementary Table S3 , and primers used in plasmid and mutant construction are listed in 3 1 8 Supplementary Table S4 . In-frame deletion mutants were generated using allelic exchange as 3 1 9
previously described (15). Genes were cloned into bacterial two-hybrid vectors pKT25 and motility buffer. Fluorescence microscopy was performed as previously described (19) (DIC) and fluorescence photomicrographs. For fluorophore visualization, a GFP filter set was Bacterial two-hybrid assays. Protein-protein interactions were assessed by the bacterial 3 6 0 adenylate cyclase two-hybrid (BATCH) system obtained from Euromedex (Souffelweyersheim, 3 6 1 France) as previously described (21, 22) . Proteins of interest were fused to the T18 or T25 3 6 2 fragment of Bordetella pertussis adenylate cyclase. T18 and T25 fusion proteins were then co-
